Local electron flux to the anode of a magnetically-insulated diode was monitored. Intense electron bursts to the anode and slow variations in the electron flux were observed. Unlike the slow signals the bursts were accompanied by sharp increases in microwave emission and by increases in the ion current density. The electron bursts were not affected by the presence of the anode plasma. Indications suggested that the bursts were initiated by processes in the cathode plasma. 
I. Introduction
Although there has been considerable progress in the design of pulsed magnetically insulated diodes for the generation of intense ion beams, 1 the electron confinement and flow in such diodes is not well understood as yet. This flow not only largely determines the ion current density, by determining the effective accelerating gap, 2 but may also significantly affect the local fields in the diode gap, and thus the ion beam divergence. Since ideal one-dimensional equilibria [3] [4] [5] predict no electron crossing to the anode, it can be assumed that the electron convection to the anode results either from growing instabilities of the electron sheath,6 -7 from two-dimensional effects, 8 or from local nonuniformities in the diode. 8 Thus, the electron flow should be studied locally and compared to other local measurements.
In this study 9 we monitored the local electron flux to the anode through the 700 ns pulse of a -100 kV magnetically insulated diode, by observing the electron bremsstrahlung emission. The electron flux showed short (-20 ns) intense bursts as well as slow (>100 ns) and usually smaller variations. The bursts occurred over an anode area of 2 the order of 1 an and occured more often late in the pulse, when they carried a significant fraction of the electron current flowing to the anode. They were found to coincide in time with bursts in microwave emission and with short peaks in the ion current density. It is believed that processes in the cathode plasma lead to local perturbations in the electron flow which cause the burst occurrence.
Unlike the short bursts, the slow changes in the electron flux to the anode were not found to be associated with microwave emission and were considerably reduced in the absence of anode plasma.
II. Experiments and Results
The magnetically insulated diode used, LOGSHOT, 10 has an annular accelerating gap with a radial insulating field, see Fig. l (a). For the experiments described here, the anode was made of lucite with 1 im diameter holes 5 mm apart, and the anode-cathode gap was 8-9 am. The insulating field in the gap region was >3 kG, 1 1 which is more than twice the critical field for magnetic insulation. 12 The pulse length was -700 ns with the diode voltage and current waveforins as shown in Fig. l(b) .
A. Electron Flux Measurements
The relative electron flux to the anode was measured locally by monitoring the bremsstrahlung emission from the anode, using an x-ray collimator, pilot B scintillator, and a photomultiplier tube. The collimator looked perpendicular to the anode as shown in Fig. l(b) . TWo such detectors were used in each experiment. The anode areas seen by the detectors were varied from less than 1 cm to a few cm 2 . -When very small areas were observed, -1i m 2 tantalum bits were glued on the anode in order to enhance the bremsstrahlunq emission. Fnission of a few kilovolts was filtered out by the diode lucite flanqe.
The intensity of the bremrtstrahlung changes over the pulse due to the gradually decreasing diode voltage. lowever, this did not affect the conclusions drawn here as will be shown. Also, the bremsstrahlung signal could be affected by changes in the incidence angles of the electrons on the anode. This effect was estimated for the casr of tantalum on the anode. Due to electron scattering in the tantalum, 13 and because the bremsstrahlung observed was emitted at backward angles, a change in the incidence angle between 0 and 90* was esti'ated to affect the bremsstrahlung signal by only 10%. 14 Since the results were similar when the collimators viewed tantalum bits and Lucite we inferred that changes in the electron incidence angle had a negligible effect on the bremsstrahlung signal from the Lucite also.
The electron flux to the anode in a typical shot is shown in Fig.   2 . Intense spikes of 10-30 ns duration are seen to be superimposed on a smaller, slowly increasing signal having a few tens to a few hundreds of ns duration, which generally rose in a few tens of nanoseconds. In each shot a few spikes could be observed with the average number being about 3. These spikes indicate intense electron bursts to the anode up to ten times the slowly varying signal of the electron flux.
The anode area over which electrons hit the anode could be estimated from shots in which two detectors viewed two neighboring portions of the anode. From the average number of bursts in a shot, and from our error in the time determination, we esti-mated that the fraction of bursts which could erroneously appear to be simultaneous is -10%. Thus, the fraction of the bursts which appear to have a large spatial extent, >20 mm, is actually less than the 20% shown in the graph. From these shots it could also be seen that on the average the slow variation of the electron flux occurred over somewhat larger anode areas than the electron bursts.
A few shots were carried out in order to test whether or not the bursts occurred at any particular radial position on the anode. We deduced that the bursts could occur at any point along the radial dimension of the anode.
The time distribution of the bursts is given in Fig. 4 (a). It is seen that the bursts are much more frequent late in the pulse, occurring mostly between 300-600 ns after the beginning of the pulse. The number of bursts present in the diode at each instant within the period of their most probable occurrence (between 300-600 ns, see over -15% of this period. Since the anode perimeter is 60 an long this means that at any instant during this period electron bursts to the anode occur, on the averaqe, at ten different spots. Let us also assume 2 that each burst occurs over an area of 1 cm and that they increase the electron flux by an average factor of 5. Thus, the electron current which flows to the anode at each instant, over the area of the electron bursts (10 cm2 ), is equal to the current which flows over 50 cm 2 of the anode with no electron bursts. Since the total anode area is 120 cm 2 , this means that more than one third of the electron current to the anode is carried by the electron bursts.
Shots such as that in Fig. 3 were also used to examine whether the bursts move across the anode. Each group of shots, with a given distance between the viewed anode regions, was statistically analyzed in order to look for a systematic time shift between bursts occurring in the two regions. Except for the zero time-shift, where the correlation function clearly peaked, the values of this function were below the statistical noise (caused by the measurement error), so that no motion could be assigned to the bursts.
The current density in the electron bursts can be estimated if the total electron current flowing to the anode is kncwn.
Assuming that all the measured electron current flows to the lucite anode, the electron current of 30 kA at t = 400-500 ns gives an average current density of 250 A/cm 2 over the 120 cm 2 anode. Thus, the current density in the This may cause a radial electron drift, thus leading to electron escape from the lucite anode region. The influence of the electron bursts on the diode operation may be especially significant since they occur mostly when the current density of the ion beam is high.
(The ion current density was observed to be maximum in the second half of the pulse as will be described later in this paper.)
B. Microwave Emission from the Diode
Electron-sheath instabilities in the microwave frequency range may grow in crossed field devices. 6-7 It is also known 1 5 that the microwave radiation in magnetron devices grows with the increase of the electron current to the anode. In a magnetically insulated diode, it has been suggested that electron losses to the anode due to nonuniformities in the diode may be accompanied by RP emission. 8 Thus, the association of the observed electron bursts with microwave emission was examined. To bursts and one-fifth of the microwave bursts coincided with electron bursts. Using the number of the bursts per shot and the time resolution of the measurements the probability for this to happen was calculated to be -0.001. Thus, a considerable degree of simultaneity between the microwave and the electron bursts was shown. The number of the observed microwave bursts was larger than that of the electron bursts presumably since microwaves originating at regions of the diode, other than the reqion observed by the x-ray detector, could also be detected due to reflection in the diode.
In Fig gives the time distribution of the microwave bursts which is very similar to that of the electron bursts (Fig. 4(a) ), consistent with the coincidence found between the two kinds of bursts. The distribution of the time-intervals between microwave bursts was also very similar to that of the electron bursts.
The spikes in the microwave emission were almost always shorter than the electron bursts. They lasted fro a few to ten nanoseconds while the electron burst duration was 10-30 ns. The microwave signal rose simultaneously with the sharp rise in the electron flux signal, but then decayed faster than the latter, as shown in Fig. 6(a) . Slow increases in the electron flux were much less often accompanied by increases in the microwave emission as shown in Fi g . 6(b), where microwave spikes were observed only with the sharply rising electron burst.
The ratio between the amplitude of a spike in the microwave output and the amplitude of the signal before or after the spike was usually Ptich larger (from a few to >10 times larger) than the same ratio for the simultaneous electron burst. This shows that the slowly varying leakage of electrons to the anode contributes relatively little to the microwave emission. This result could not be affected by the fact that the antenna could detect microwaves frcm a larger region of the diode, since this could only increase the apparent quiescent microwave signal.
Ka-band (>26 GHz) microwaves were also detected, showing a spiky signal with the spikes again being shorter than the electron bursts.
Simultaneity of the spikes with the electron bursts was not checked;
however, the Ka-band signal in most cases was found to rise after a delay of ~250 ns and to fall between 500-600 ns, the period during which the electron bursts tended to occur (see Fig. 4(a) ). Thus, it seems that the bursts in the Ka-band emission were also associated with the electron bursts. Note that both detected microwave frequency bands are higher than the electron cyclotron frequency, which is -5 G z.
C. Effect of Anode Plasma on the Electron Flux
In order to examine the effect of the anode plasma or the ions on the electron flux to the anode, we performed experiments with silver painted anodes, where the anode flashover was inhibited due to the high conductivity of the anode surface. Measurements of the ion current density by the use of a scintillator (see Sec. D) verified that the ion current density was reduced by at least a factor of 30. Examples of the electron flux in such shots are given in Fig. 7 . Electron bursts are observed, with their shape being similar to that observed with ions and anode plasma. However, the slowly varying electron leakage to the anode is much smaller in the absence of the anode plasma.
gap and of the anode plasma to the formation of the electron bursts is minor. This leads to the conclusion that time-dependent processes in the electron sheath or in the cathode plasma cause the bursts. However, the relatively long and slowly rising increases in the electron flux are strongly affected by the presence of the ions and the anode plasma.
This is being investigated and will be described in a publication to follow. 16
D. Ion-Flux Measurements
The electron and the ion space charges in the diode gap are balanced to a large extent, since otherwise electric fields, larger than the applied field, will be produced. Therefore, chanqes in the ion current density in the diode imply changes in the total electron population across the gap. Thus, in order to study the fluctuations of the charge in the gap, which are associated with the electron bur ts, we measured the relative ion current density from the same diode region where the electron flux was measured.
Ions were passed through a few millimeter diameter aperture located about 6 an fran the anode, see whether the peaks in the ion current density resulted from an increased ionization of the anode plasma (this can increase the ion current density if the latter is limited by the plasma ion density, i.e., source limited). However, the increase in the ion current density at least
shows that the electron bursts to the anode are accompanied by an increase in the local total electron population across the gap. These charge fluctuations are believed to result in fluctuating electric fields which affect the ion trajectories, and thus the ion beam divergence, as will be discussed in the following paper.
6
We note that our relative ion current density measurements agree in the overall shape with those previously made using a Rogowski belt, 17
i.e., both measurements show that the ion current density rises after a delay of 200-300 ns with respect to the start of the voltage pulse.
However, the present measurements with the scintillator sheet and photomultiplier revealed fast (a few nanoseconds) and slow temporal variations of the ion current density. These variations were observed even when the measurement was an average over an anode section of -20 mm length and 24 mm width. Many sudden increases in the ion current density which were not simultaneous with a change in the electron flux were also observed. Also, many changes in the electron flux could not be consistently correlated to changes in the ion current density. The analysis of these observations is continuing, including new observations oorrelatinq electron flux and ion beam divergence. This will also be discussed in the next publication.1 6 The electron flux at the anode of the LONGSHOT magneticallyinsulated-diode was studied locally. Short intense electron bursts occurred both with and without an anode plasma formed in the diode while the slowly rising variations appeared only with anode plasma. The size of the anode involved in an electron burst varied between a few millimeters and a few centimeters, but 1 cm was typical. The bursts were more frequent in the second half of the pulse therefore they could significantly affect the ion beam generation since most of the ions were extracted during this period. It is estimated that ten bursts occur in the diode at each instant during the second half of the pulse, carrying a considerable fraction of the electron current which flows to the anode. The bursts probably induce magnetic fields large enough to alter the direction of the net magnetic field in the gap, thus causing an electron drift in the radial direction, and consequently reducing the actual electron residence time in the gap.
The electron bursts were found to be unaffected by the presence or the absence of the anode plasma. Also, unlike the slow;ly rising electron flux to the anode, they were accompanied by short bursts of micro- This is assumed in order to allow for the localization of the bursts and
for their large time-separation.
The electron bursts were found to cause step increases in the local ion emission from the diode, which indicates changes in the total positive (and therefore the neqative) charge within the gap. Such charge fluctuations associated with the electron bursts may cause strong transverse electric fields in the diode which could significantly affect the ion beam divergence. This effect was observed and will be reported in a separate study, 16 in which the relation between the slow changes in the electron flux and the transverse electric fields in the diode will also be discussed. 
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